Abslraa-This paper presents a strategy for improving the safety of human-robot interaction for articulated robots by minimizing a danger criterion during the planning stage. Two formulations of the danger criterion are proposed: a criterion lssuming independent factors, and a criterion assuming mutually dependent factors. Simulations of the proposed planning strategy are preseuted for both ZD and 3D robots.
INTRODUCTION
Robots have -been successfully employed in industrial settings to improve productivity and perform dangerous or monotonous tasks. More recently, attention has turned to the use of robots to aid humans outside the industrial environment, in places such as the home or office. As the population in the developed world ages, robots that can interact with humans in a safe and friendly manner while performing necessary homesare/daily living tasks would allow more. seniors to maintain their independence. Such devices could alleviate some of the non-medical workload from healthprofessionals, and reduce growing healthcare costs. To achieve these objectives, robotic devices must become much more user safe and fiiendly. Untrained users need to feel comfortable and confident when interacting with a device that, unlike most passive household appliances, is potentially active in its. interaction with the user.
A key issue h a p r i n g the entry of robots into unstructured human environments is safety [I, 21. To ensure the safety and intuitiveness of the interaction, the complete system must incorporate (i) safe mechanical design, (ii) human friendly interfaces such as natural language interaction and (ii) safe planning and control strategies. Our work focuses on this thud item. The design of playing and control strategies can be divided into three key tomponents: planning, human interaction monitoring, and control, as described in [3] . The human monitoring and control components are described in [3, 41, while this paper focuses specifically on the planning aspects of the system.
A. Related Work
In industrial applications, the safety of human-robot interaction is effected by isolating the robot from the human [I, 51. In effect there is no interaction. As robots move from isolated industrial environments to interactive environments, this approach is no longer tenable [I] . Three main approaches can he used to mitieate the risk durine human-robot --This wok is sponsored i n pl by the Canadiim National Science and Engineering R c w h C o m d interaction: (i) redesign the system to eliminate the hazard, (ii) control the hazard through electronic or physical safeguards, and, (iii) warn the opemtor/user, either during operation or by training [5] . While the d t r a i n option has been used in 
B. System Overview
The proposed system architecture assumes a user-directed robot system. The user must initiate each interaction, hut the robot has sufficient autonomy to perform commanded actions without detailed instructions llom the user. An overview of the system is presented in Fig. 1 . The user issues a command to the robot to initiate the interaction, and the command interpreter translates command into a set oftarget locations and actions. The global planner module then begins planning a geometric path for the robot, utilizing the safety strategy described herein. Next, the local planner generates the trajectory along.the globally planned path based on real-time information obtained during task execution. The local planner generates the required control signal at each control point. Because the local planner utilizes real-time information, it generates the trajectory in short segments. During the interaction, the user is monitored to assess the user's level of approval of robot actions. The local planner uses this information to modify the velocity of the robot along the planned path. The safety control module evaluates the safety of the plan generated by the trajectory planner at each control step. The module initiates a deviation €room the planned path if a change in the environment is detected that threatens the safety of the interaction. This deviation will move the robot to a safer location. The recovery evaluator then initiates a reassessment of the plan and initiates re-planning if necessary. This paper describes the planning strategy used by the global planner; other components of the system are described in [3,4].
AF'PROACH
A hazard requiring a change in robot behaviour can he defined by a minimum distance between the robot and the person [lq, or by using a threshold level of the danger index based on impact force [E, 131. In this work, an index similar to [12, 131 is proposed, and applied to the configuration space planning of the robot motion. By selecting safer configurations at the planning stage, potential hazards can he avoided, and the computational load for hazard response during real time control can he reduced. For this reason, safe planning is an important component of the safety strategy.
When selecting a path planning strategy, there is a tradeoff between fast local methods that may fail to find the goal, and slow global methods [17] . To exploit advantages of both methods, recent path planning algorithms have used a hybrid approach, where global path planning is used to find a coarse region through which the robot should pass, and local methods are used to find the exact path through the region [15]. Similarly, the planning module in this approach generates a contiguous set of regions that together describe a safe path region. It is then left to the trajectory planner and the safety module to generate the exact path in the region, and the trajectory along that path. The path region is described by a set of contiguous configurations. Since the task planning is done following a user request, the global planner must execute.within several seconds at most, to avoid a significant delay between a user request and robot response. To ease the computational load on the global planner, the task is separated into segments. Natural segment separation points occur when the robot is required to he at a particular location, for example at each grasp or release point. Only the fust segment must planned before the planned path can be passed on to the local planner and the robot can begin executing the task. In this way, global planning of the next segment can continue in parallel with execution of the current segment.
A. Danger Criterion
The planning module uses the hest fust planning approach [ 171. In cases when the number of degrees of lleedom (DoF) of the robot affecting gross end effector motion are small (less than 5), the hest fist planning approach provides a fast and reliable solution [17] . For highly redundant robots, a different search strategy can be employed, such as randomized planning [18] . However, the search criteria and the cost function presented herein remain identical regardless of the search strategy used. The safest path is found by searching for contiguous regions that: (i) remain free of obstacles, (ii) lead to the goal, and, (iii) minimize a measure of danger (a danger criterion). The planning algorithm seeks a path that minimizes a cost function consisting of a quadratic goal seeking function, a quadratic obstacle-avoidance function, and the danger criterion (DC).
The central contribution of the planner cost function is the DC. Since path planning (as opposed to trajectory planning) does not consider robot velocities, a configuration-based DC is required. The DC is constructed from measures that contribute to reduction of the impact force in the case of unexpected human-robot impact, as well as reduction of the likelihood of impact. These can include^ the relative distance between the robot and the human, the robot stifhess, the robot inertia, end effector movement between contiguous confgurations, or some combination of these measures, similar to those in [12]. In [13], Nokata et al. use the da-nger index to find an optimum safe path, however, only the end effector p i n t trajectory with respect to the human is considered. Herein, a safe path for the entire robot structure is planned, explicitly planning the robot ' The sagittal plane is the vertical plane passing through the center of the outstretched robot arm.
Here, Dm is the distance between the robot center of mass and the human, D, .
is the minimum allowable distance between the robot CoM and the human, DCMo is the distance over the minimum, and D , is the distance at which this criterion no longer contributes to the cost function (for example, if no human is visible in the environment). E is a small number used to limit the function near 4 . . The weights W, and W, are tuned based on the particular robot structure. For the product-based DC, the inertia criterion is:
where, Imax is the maximum safe value of the robot inertia.
The relative distance criterion for the product-based DC is:
Here, k is a scaling constant:
The product-based DC is then computed as a product of these contributing factors.
DC,d =f,+(~,).fcM+(DcM).

(7)
In this case, relative weightings of the factors are not required
B. Goo1 and Obsfocle Criterio
The goal seeking function & is defined as:
where, DG is the distance between the end effector and the goal.
The obstacle avoidance functionfo is defined as:
where, DO is the distance between the robot and the nearest obstacle, Dis the distance om the obstacle at which the obstacle begins to repel the robot. The distance between the robot and the nearest obstacle, as well as the distance between the robot and the human is estimated using the hierarchy of spheres representation, illustrated in Figs. 2 and 3 . This representation is based on the approach described in [19] . In this approach, the robot and the obstacles in the environment are described as a set of enveloping spheres. Initially, a small set of Iarge enveloping spheres is used for each object. If no intersecting spheres are found, the distance between the two closes sphere centers is r e m e d as the distance between the robot and the nearest obstacle or human. If two intersecting spheres are found, the robot and the obstacles are decomposed into a set of smaller enveloping spheres. The process is repeated until a non-intersecting set of spheres is found, or until the maximum level of decomposition is reached, in which case the algorithm reports that a collision has been detected. The level of decomposition required to find a collision free set of spheres is also used to determine the size of the region within which local trajectory planning may be executed, as in [IS] .
When deffing the enveloping spheres for the human, the current robot task also becomes impottant. If the goal of the interaction is for the robot to approach and/or contact the human, then it is not appropriate to represent the human simply as an obstacle, as in [lo] . In this work, during pre-planning, each segment of the path is classified as interactive or noninteractive. If the segment is classified as non-interactive, the entire region of space occupied by the human is treated as an obstacle. If the segment is classified as interactive, a smaller set of spheres is used, such that the target area of the human (for example, the hand) is excluded from the obstacle area. Fig. 2a shows the robot and the human represented with enveloping spheres in a non-interactive task segment. Fig. 2b shows the representation during an interactive task segment. The planned path is generated by searching for a set of configurations that minimize the cost fuhction:
Here, We is the weighting of the goal seeking criterion, WO is the weighting of the obstacle avoidance criterion, WD is the weighting of the DC, and k is a scaling factor. The selection of the weight levels is discussed in the following section.
IMPLEMENTATION
Using the above cost function, it is likely that the DC will conflict with the goal seeking criteria during the search, leading One advantage of the sum-based criterion is that it does not need to be scaled when combined with the other criteria, because it is distance based (i.e. K = 1). The center of mass distance factor is a repulsive potential field, and can, therefore, become infinite in magnitude when the center of mass distance between the robot and the human (Dcd is close to the minimum safe distance @&. Thus, when the robot and the human are close together, the distance factor will dominate, and will tend to conflict with the goal criterion. This effect is illustrated in the last two kames of the Fig. 3 sequence. Furthermore, for the sum-based criterion it is difficult to define the threshold at which one should switch from the danger minimization stage to the goal seeking stage, since the danger criterion is a combination of the robot link distances from the robot base and the distance &om the robot to the person The product-based danger criterion implies that the factors affecting the danger criterion are dependent. For example, if the distance between the robot and the person is large, the other contrihuting factors will not be minimized either. In Fig. 5 , since the distance between the robot and the person is small, both the distance factor and the inertia factor are minimized. In addition, when both factors have significant magnifude, the danger criterion gradient will be steepest, ensuring that the danger criterion is prioritized over tbe other criteria. Because the two factors are dependent, both are minimized to achieve the required safety level. Another advantage of the productbased criterion is that the criterion represents a clear indication of the level of danger, ranging &om 0 to 1 (values greater than 1 are possible when the distance between the robot and the human (Dw) is. smaller than the minimum safe distance (DO.,&. Therefore, it is easy to specify the switch threshold as the desired level of danger. However, for the product-based criterion, a scaling factor (IC) must be chosen so that the danger criterion is on the same scale as the goal and obstacle criteria.
In the majority of cases, the product-based danger criterion is more suitable, because both danger factors are acted upon.
Close to the person, the sum-based danger criterion becomes dominated by the distance factor, so inertia i s not reduced as significantly. The sum-based danger criterion may be more suitable with large, under-articulated robots. In this case, the difference between the maximum and minimum robot inertia may not be very significant, whereas the strong CoM distance action will ensure that the robot does not get too close to the user.
The robot inertia and distance between the robot and the human along the path for the sequence shown in Fig. 5 is shown in Fig. 6 . For comparison, a path was generated using the best-fmt planner without the DC, the inertia and CoM distance for this path are also shown. As can be seen in Fig. 6, the DC pushes the CoM of the robot away h m the person along the majority of the path, as well as significantly reducing the inertia.
VI. CONCLUSIONS
The safe planner reduces the factors affecting danger along the path, as compared to the standard best-fmt planner. Using the two-stage planning approach reduces the depth of local minima in the cost function, allowing the planner to execute more quickly. Minimizing the danger criterion during the planning stage ensures that the robot is in a low inertia conftguration in the case of an unanticipated collision, as well as reducing the chance of a collision by distancing the robot cenhe of mass from the human. 
